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A HIGH ENTHALPY PLASMA GENEEATOR FOR ENTRY 

HEATING S m T I O N *  

By Charles E. Shepard, Donald M. Ketner, 
and John W. Vorreiter 

Ames Research Center 

The Constricted-Arc Supersonic Jet, capable of center-line enthalpies in 
excess of 3X108 joules/kg (l3O,OOO Btu/lb), has a variety of applications, the 
most important probably being the simulation of entry heating from interplane- 
tary missions. Within a Constricted-Arc Supersonic Jet apparatus, a super- 
sonic nozzle with an elongated throat, or arc constrictor, a direct-current 
arc and a longitudinal flow of gas are maintained. The working fluid, which 
may be air or any other gas, is heated as it passes near the arc, becomes 
electrically conductive and eventually becomes a part of the arc core. The 
arc core temperature is maintained by current flow while the gas passes 
through the supersonic nozzle into the test section. 

Ames Research Center has built and tested several configurations of the 
Constricted-Arc Supersonic Jet, the largest of which operates at a power input 
of 5 MM with an efficiency of about 50 percent. The performance of these 
devices can be described by defining an effective flight velocity and altitude. 
At present, total enthalpies and impact pressures corresponding to flight at 
10 km/s at 60 km altitude and 30 km/s at 100 km altitude can be achieved. The 
three major limitations on performance are the maximum wall heat flux that can 
be removed by the cooling water, the maximum current that can be maintained 
without electrode erosion and subsequent stream contamination, and the maximum 
voltage gradient that can be maintained without destructive arc-over. 

Measurements of constricted-arc performance show that such devices can 
simulate heat-transfer rates of high velocity entry. Furthermore, performance 
can be significantly augmented by improved cooling techniques and electrode 
designs. 

INTRODUCTION 

The electric-arc plasma wind tunnel is an example of a ground-based test 
facility developed to fulfill a need introduced by the space age to simulate 
atmospheric heating of entering space vehicles. 
have many shortcomings, they have the important advantage of maintaining 
realistic heat-transfer rates to laboratory-fixed models for long periods of 
time . 

Although arc plasma facilities 
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Early arc plasma facilities produced a maxim total enthalpy of about 
4X107 J/kg, a specific energy slightly in excess of that required for satellite 
entry simulation. Later, the prospect of atmospheric entry at parabolic or 
hyperbolic velocity demanded higher performance plasma facilities that could 
produce total enthalpies corresponding to flight at velocities of above 
12 km/s. As a result of this need, the Ames Research Center developed a 
constricted-arc supersonic jet apparatus that can duplicate the specific 
energy of most entry trajectories of current interest. 

]GAS INLET VACUUM 

DOWNSTREAM 
ELECTRODE 

411- 

Figure 1.- Constricted-arc j e t  concept. 

Constricted -arc super - 
sonic jets are noteworthy 
because they can produce 
enthalpies about one order of 
magnitude higher than those 
produced by conventional 
plasma jets. The remarkable 
performance is due partly to 
the thermal constriction of 
the arc within a cooled tube 
of large length to diameter - - 

ratio. This concept, similar 
to that of the cascade arc studied by Maecker (ref. l), is illustrated schemat- 
ically in figure 1. A constricted-arc supersonic jet consists of a supersonic 
nozzle with electrodes at each end. A long, constant-area throat forms the 
arc constrictor tube. A continuous, direct-current arc is maintained concur- 
rently with a longitudinal flow of air, or other gases from a pressurized 
reservoir. Positioning the downstream electrode in the supersonic portion of 
the nozzle permits the high enthalpies generated within the constrictor tube 
to be maintained as the heated air passes through the nozzle into the test 
section (ref. 2). 

Although a constricted-arc jet duplicates certain aspects of atmospheric 
entry, such as total enthalpy and impact pressure for high altitudes, it does 
not produce a high-speed flow of cold air. The expansion of hot air through 
the nozzle is incomplete in the sense that a relatively hot stream is produced 
having an excess of excited species which move at reduced velocity. In spite 
of such difficulties, the constricted-arc jet has proved to be a useful 
research tool for heat-transfer studies at hyperbolic velocities. In addition, 
the device has potential application as a means for promoting chemical reac- 
tions at high temperature. To date, constricted-arc jets have been utilized 
to study radiation from shock layers, both of gas and of ablation vapors, 
ablation properties of materials, burn-up characteristics of satellite bodies 
and artificial meteors (ref. 3), and ionization recombination rates of 
nitrogen. 

The four constricted-arc supersonic jets built and tested (refs. 3-6) 
differ primarily in size. 
Tunnel, which incorporates the latest and largest of the constricted-arc jets, 
the performance of which is the subject of this paper. 

Figure 2 shows the Arc Heated Planetary Gas Wind 
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Figure 2.- A r c  Heated P lane tary  G a s  Wind Tunnel. 

SYMBOLS 

nozzle area, m2 

coefficient of heating 

total enthalpy, J/kg 

arc current, A 

gas flow rate, kg/s 

pressure at upstream end of constrictor tube, atmospheres 

impact pressure, N/m2 

stagnation-point heat-transfer rate for continuum flow, W/m2 

stagnation-point heat -transfer rate for free molecular flow, W/m2 

stagnation-point heat-transfer rate , W/m2 
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S W  

R 

U 

P 

constrictor w a l l  heat-transfer rate, W/m2 

radius, m 

velocity, m/s 

gas density, kg/m3 

Subscripts 

AV mass average 

CALC calculated 

center line 

EXIT nozzle exit 

MEAS experimentally determined 

E 

Superscript 

3t nozzle throat 

APPARClTLTS 

The plasma generator of the Arc Heated Planetary Gas Wind Tunnel is shown 
schematically in figure 3. 
internal diameter constrictor tube is 1.4 m long and is composed of 135 water- 

insulated from each other by 1.8-"- 
thick boron nitride washers, 
and are grouped into six mod- 
ules to facilitate servicing. 
Air from a high-pressure gas 
storage system is introduced 
between constrictor rings in 
the first two modules. The 
supersonic portion of the noz- 
zle also consists of a number 

are insulated by 2.5-m-thick 
boron nitride washers. The 
flow is expanded to a nozzle 

With regard to construction details, the 2-54 cm 

MODEL 

cp:$i2R 
1 of water-cooled rings that CONSTRICTOR WATER-COOLED TUBE Y 

I I exit diameter of 0.46 m by 
the 30' included angle nozzle. 

Figure 3.- Schematic drawing of A r c  Heated 
P lane tary  G a s  Wind Tunnel. 

The nozzle exhausts into a 27 cubic meter vacuum box which is pumped to 
atmosphere by a large 5-stage steam-ejector vacuum system. 
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CONSTRICTED-ARC JET PERFORMANCE 

A s  discussed i n  appendix A, both t o t a l  enthalpy and impact pressure must 
be known before convective heat  t r ans fe r  t o  a given blunt body i n  continuum 
flow can be specified.  Similarly,  t o t a l  enthalpy and mass f lux  densi ty  spec- 
i f y  heat-transfer rates i n  free-molecular f l o w s ,  but mass f l u x  densi ty  can be 
estimated from t h e  impact pressure and t o t a l  enthalpy. Therefore, t o t a l  
enthalpy and impact pressure can be regarded as the  defining parameters f o r  
convective heat t r ans fe r  i n  t h e  stream of a constricted-arc j e t ,  whether t h e  
flow be continuum or free molecular. 

The simulation capab i l i t i e s  of t h e  Arc Heated Planetary Gas Wind Tunnel 
( f i g .  2) and of two smaller constricted-arc jets a r e  shown i n  figure 4. This 
f igure  maps the  regions of t o t a l  enthalpy and impact pressure on the  j e t  axes 
where operation has been demonstrated. Also included on the  f igure  a r e  l i n e s  
of constant equivalent f l i g h t  veloci ty ,  defined as t h e  square root  of twice 
the  center-l ine t o t a l  enthalpy, and l i n e s  of constant a l t i t u d e ,  as obtained 
from t h e  equivalent densi ty  p /2H$. t J2 

Figure 4 indicates  that the  Arc Heated Planetary Gas Wind Tunnel can s i m -  
u l a t e  f l i g h t  ve loc i t i e s  up t o  30 km/s at an a l t i t u d e  of about 100 km. A t  an 
equivalent ve loc i ty  of 10 h / s ,  an a l t i t u d e  of about 85 km can be simulated. 
Figure 4 fur ther  i l l u s t r a t e s  t h a t  lower a l t i t udes  can be simulated when the  
flow i s  expanded through a nozzle of lower area r a t i o .  For example, with the  
a rea  r a t i o  22 nozzle ( r e f .  6), f l i g h t  can be simulated a t  a l t i t u d e s  down t o  
60 Ina, whereas with the  area r a t i o  160 nozzle (ref.  5 ) ,  f l i g h t  can be simu- 
l a t ed  i n  t h e  intermediate a l t i t u d e  range from about 75 t o  90 km. I n  these 
l a t t e r  cases, t h e  t e s t  body diameters that can be accommodated a r e  r e l a t i v e l y  
small, of course. 
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Figure 4.- Simulation c a p a b i l i t i e s  of  s eve ra l  
constric-ted-arc j e t s .  
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Enthalpy Determination 

The local value of total enthalpy in the vicinity of a test body is 
required to describe the heat-transfer environment. 
are mounted on the axes of constricted-arc jets and therefore are exposed to 
center-line total enthalpy. Unfortunately, an enthalpy probe that could oper- 
ate at the low densities and high heat-transfer characteristic of the Arc 
Heated Planetary Gas Wind Tunnel was not available for the performance tests. 
For this reason the center-line total enthalpy is inferred from a combination 
of experimental measurements and theoretical calculations. A mass-average 
total enthalpy derived from experiment is multiplied by a calculated ratio of 
center line to average enthalpy to obtain the center-line total enthalpy. 

The test bodies normally 

The mass-average total enthalpy is defined as the quotient of the net 
power accepted by the gas and the flow rate. It is a measure of gross arc jet 
performance. Because the constricted-arc jet is water-cooled, one can measure 
the net power by subtracting the power absorbed by the cooling water from the 
electrical power supplied to the arc. 

It is worthwhile to examine 
o 350amp 
A 500 the mass-average total enthalpy 
0 1000 
o 1500 
0 2000 Planetary Gas Wind Tunnel. Fig- 
n 2400 

capabilities of the Arc Heated 

ure 5 shows the experimentally 
determined mass-average total 
enthalpy for various arc cur- 

CONSTRICTOR WALL HEAT rents as a function Of the pres- 
RATE EQUALS sure at the constrictor-tube 

inlet. It should be noted that 
increasing the air mass flow 
rate raises the pressure at .. fixed current. Thus, the figure 
can also be regarded as a plot 

CONSTRICTOR INLET PRESSURE, Po. atm enthalpy at fixed current with 

a 
I I -._I- -L- 1- - J  w 

I O I 2 3 4  5 6 7 8 showing variation of mass-average 

mass flow rate. Figure 5.- Experimentally determined mass-average 
t o t a l  enthalpy a s  a func t ion  of c o n s t r i c t o r  
i n l e t  p ressure  f o r  various a r c  cur ren ts .  The effect of inlet, or 

chamber, pressure on mass-average 
enthalpy is readily apparent from figure 5. Mass-average total enthalpy 
decreases with increasing pressure for a given current. This trend is due in 
part to radiation power loss to the constrictor wall, because radiation 
increases strongly with chamber pressure. As a result, the net power increases 
at a slower rate than the gas flow rate as pressure is increased at a constant 
current and, consequently, the mass-average total enthalpy decreases. At pres- 
sures below about 1 atmosphere, radiation is relatively unimportant as a heat 
l o s s  mechanism, and as a result, enthalpies in excess of 2.5X108 J/kg can be 
achieved. At 7 atmospheres pressure, however, the maximum mass-average total 
enthalpy that has been reached to date is only 3 .5X107 J/kg. 

Although the mass-average enthalpy increases with increasing current, 
operational limits that restrict achievable enthalpy are eventually reached. 
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One of these is the maximum current that the electrodes can carry. The other 
is the heat-transfer rate that can be accommodated by the constrictor wall. A 
curve corresponding to a constrictor wall heat-transfer rate of 3X107 is shown 
in figure 5. This heat-transfer rate provides an adequate safety factor for 
state-of-the-art cooling, but does not set an absolute limit on the maximum 
enthalpy that can be achieved. A curve showing mass-average total enthalpies 
and corresponding constrictor inlet pressures for a net input of 2 MW is also 
shown in figure 5. 

In a constricted-arc jet, the mass-average enthalpy is lower than the 
enthalpy on the jet axis. To indicate the differences between them, Watson 
calculated the ratio of center line to mass-average total enthalpy using numer- 
ical methods (ref. 7). Although the calculated center line to mass-average 
enthalpy ratio has not been directly verified by experiment, it is pointed out 
in appendix B that computed and measured mass-average total enthalpies 
generally agree well, suggesting that the calculated ratio is correct. 

REF 8 
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Figure 6.- Calculated c e n t e r  l i n e  t o  mass-average 
enthalpy r a t i o  as a func t ion  of c o n s t r i c t o r  
i n l e t  p ressure  f o r  var ious a r c  cur ren ts .  
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Curves showing the calcu- 
lated ratio of center line to 
mass-average total enthalpy 
as a f’unction of the constric- 
t o r  inlet pressure for vari- 
ous values of current are 
presented in figure 6. The 
ratio is a f’unction of both 
pressure and current and 
varies from about 1.6 at high 
inlet pressure and low cur- 
rent to about 2.8 at low pres- 
sure and high current. The 
value of the ratio of center 
line to average enthalpy from 
the analysis of Stine and 
Watson (ref. 8) is also shown 
for comparison. 

The center-line total 
enthalpy, the product of the 
measured mass-average total 
enthalpy (fig. 5) and the 
calculated ratio of center 
line to mass-average totai 
enthalpy (fig. 6), is pre- 
sented in figure 7 as a func- 
tion of the constrictor inlet 
pressure for various values 

Figure 7.- Center- l ine t o t a l  enthalpy versus  of current. The curve that 
corresponds to a constrictor 
wall heat-transfer rate of 

c o n s t r i c t o r  i n l e t  p ressure  f o r  var ious 
a r c  cur ren ts  . 

3X107 W/m2 is also shown. 
those of the mass-average enthalpy deduced from measurements. Center-line 
total enthalpies in excess of 4X108 J/kg can be generated provided the 

The trends with pressure and current are similar to 
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constrictor inlet pressure is less than 1 atmosphere at a constrictor wall 
heat-transfer rate of 3X107 W/m2. 
enthalpy at this wall heat-transfer rate is only about 8 ~ 1 0 ~  J/kg. 

At 7 atmospheres, however, the center-line 
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Impact Pressure Determination 

n m  Figure 8 shows impact 
pressure at a station 0.5 m 

tl B downstream of the nozzle exit 
I3 plane as a function of the B 

pressure at the constrictor 

n 2400amp from 1000 A to 2400 A. The 
tl inlet for a range of currents 

0 0 IOOOamp 

data suggest that impact pres- 

increase in arc current of a 
factor of 2. Impact pressure, 
however, increases systemati- 
cally with constrictor inlet 

D t l  

tl sure is insensitive to an 
I3 

I I .  I I I I pressure at fixed current, 
0 I 2 3 4 5 6 but not in the linear manner 

CONSTRICTOR INLET PRESSURE, po, atm that is characteristic of 
Figure 8.- Impact pressure  as a func t ion  o f  isentropic flows in 

supersonic nozzles. c o n s t r i c t o r  i n l e t  p ressure  for two a r c  
cur ren ts .  

Stagnation-Point Heat-Transfer Rate 

Given impact pressure and enthalpy, the stagnation-point heat-transfer 
rate for a blunt body can be calculated by means of equations and techniques 
discussed in appendix A. Further calculations can relate stagnation-point 
heat-transfer rate to the arc-heater parameters, current and constrictor inlet 
pressure, taking due account of the fact that in general the flow in the Arc 
Heated Planetary Gas Wind Tunnel test stream lies neither in the free- 
molecular nor in the continuum domain. It is shown in appendix A, however, 
that stagnation-point heat-transfer rate for a 2 cm diameter body is that due 
to essentially free-molecule flow. Consequently, uncertainties in the values 
of needed for the calculations have a large effect on the computed 
heat-transfer rate. The computed effects of arc current and constrictor inlet 
pressure on stagnation-point heat-transfer rate are presented in figure 9 for 
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Figure 9.- Calculated stagnation-point heat- 
t r a n s f e r  r a t e  f o r  a 2-cm-diameter model as 
a func t ion  of c o n s t r i c t o r  i n l e t  p ressure .  

4 x 107 
- n o  

/ 
/ 

,/ qt , MEAS = qt, CALC 
N 107 I 

/ 
/ ,E 8 -  

/ 
6: / 9 -  / 

I / 4 - 
/ - / O CH = .83 

d OO CH .50 

0- 

0 

2 -  / 

/ 

p', 0 
/ 

L/ I I I I I 1 1 l 1  I I I 1 1 1 l 1 1  

I06 2 4 6 8 D 6  2 4 6 8 IO7 

qt, C A L C B ~ / ~ '  

Figure 10.- Comparison of ca l cu la t ed  and measured 
Stagnation-point hea t - t ransfer  r a t e  f o r  a 
2-cm-diamet e r  ca lor imeter  . 

a 2 cm diameter nickel-plated cop- 
per calorimeter with a 1.15 cm nose 
radius. Stagnation-point heat- 
transfer rate calculated for the 
conditions of the tests increases 
with increasing arc current, but is 
relatively insensitive to constric- 
tor pressure level. The stagnation- 
point heat-transfer rate correspond- 
ing to operation at 3X107 W/m2 
constrictor wall heat-transfer rate 
is also shown on figure 9. The 
curves suggest that a m a x i "  
stagnation-point heat-transfer rate 
of 6x10~ W/m2 can be achieved at a 
constrictor pressure of about 1 to 
2 atmospheres. 

A 1.15 cm nose-radius calorim- 
eter was exposed to the test stream 
of the Arc Heated Planetary Gas 
Wind Tunnel to provide data for 
comparison with the calculated and 
s tagnat i on-point heat -transfer 
rates. Figure 10 shows that when a 
heat-transfer coefficient, CH, of 
0.83 is selected, the predicted 
heat-transfer rates are lower than 
those measured. Good agreement was 
obtained, however, when a value 
CH = 0.5 was selected. 

The calorimeter was also 
exposed to the test stream of a 
1.27 cm diameter constricted-arc 
supersonic jet (ref. 3). Because 
the density was about 20 times 
higher than that in the Arc Heated 
Planetary Gas Wind Tunnel, near- 
continuum flow conditions prevailed, 

so that the correction for free-molecular effects was small. 
sured and calculated heat-transfer rates are compared in figure 10. Because 
good agreement is demonstrated at the relatively high density where effects of 
uncertainties in CH and pu are small, it is concluded that the center-line 
total enthalpies estimated from figure 4 are not in serious error. 

Again, the mea- 

Radial Impact Pressure and Heat-Transfer Rate Profiles 

The constrictor-tube radial flow profiles, calculated as described in 
appendix B, suggest that the test-section flow profiles would be nonuniform. 
Measured distributions of impact pressure and stagnation-point heat-transfer 
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Figure 11.- Measured normalized radial profiles 
of impact pressure and stagnation-point 
heat-transfer rate. 

rate across the test section 
confirm this hypothesis, as 
shown in figure 11. Normal- 
ized stagnation-point heat- 
transfer rate and impact 
pressure are plotted as a 
f’unction of radial distance 
for two operating conditions 
of the Arc Heated Planetary 
CAS Wind Tunnel. For condi- 
tion A, the center-line total 
enthalpy is about lo8 J/kg 
and the center-line impact 
pressure is about 400 N/m2. 
Condition B represents a 
higher density operating 
point where the center-line 

total enthalpy is 5X107 and the center-line impact pressure is 600 N/m2. The 
profiles (fig. 11) suggest that although operating conditions can be adjusted 
to produce a relatively uniform radial profile of impact pressure, the heat- 
transfer rate will be distributed nonuniformly regardless of current or con- 
strictor inlet pressure. Consequently, heat-transfer tests should preferably 
use an axisymmetric body with its axis coincident with the jet center line. 
Relatively large bodies can be tested if the above restrictions are observed, 
because the stream tube that supplies the fluid to the stagnation point has a 
smaller diameter than the body. For example, the heating-rate distribution 
over the model remains unchanged with models as large as l/3 the nozzle exit 
diameter. 

LIMITS ON MAXIMUM ENTHALPY 

The current or the pressure levels or both that can be achieved in 
constricted-arc apparatus are limited by: the maximum current which the elec- 
trodes can carry; the maximum voltage drop which can be maintained between 
adjacent rings without destructive arc-over; and, as was mentioned previously, 
the maximum heat-transfer rate that the constrictor wall can accommodate. 
With regard to electrode failure, it is known that current carried by a tung- 
sten cathode decreases with increasing pressure. Although the thoriated tung- 
sten button cathode is adequate for currents up to 2400 A and pressures up to 
7 atm, future operations will require an upgrading of the cathode. Experiments 
with tungsten additives other than thoria promise cathodes that operate at 
pressures two or three times higher than can be achieved at present. 
behavior of barium-calcium-aluminate as an additive (ref. 9) is especially 
noteworthy. Current capacities of tungsten cathodes with additives either of 
barium-calcium-aluminate or of thoria were compared at various pressures in a 
nitrogen atmosphere. Figure 12 shows maximum permissible current as a fine- 
tion of pressure that tungsten cathodes could carry, and demonstrates that the 
barium-calcium-aluminate additive improves performance appreciably. 

The 
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Figure 12.- M a x i "  current as a function O f  
pressure for 1.3-em-diameter thoria-tungsten 
and barium calcium aluminate-tungsten cathodes 
in nitrogen. 

The most frequent and least understood failure is electric arc-over 
between adjacent constrictor rings during operation at high pressure associated 
with high flow rate. All or part of the current flows from one constrictor 
ring to the next adjacent to the wall with subsequent removal of ring material 
and eventual failure. This phenomenon, an insulation failure, would be 
expected to be a direct finction of the voltage drop between adjacent rings 
but it appears also to be a f'unction of the symmetry of flow injection. For 
example, at the upstream, or cathode, end of the constrictor tube where the 
flow is normally injected, a voltage difference of 30 to 40 V between adjacent 
rings may lead to serious voltage breakdown problems, but at the downstream 
end of the constrictor, where axial symmetry prevails, differences up to 70 V 
between adjacent rings may exist without arc-over. When high flow rates are 
required, the local voltage gradient is controlled by the introduction of flow 
gradually along the upstream portion of constrictor tube in such a manner that 
the voltage difference between adjacent rings never exceeds 40 V. 

The Arc Heated Planetary Gas Wind Tunnel has been successfully operated 
at an overall voltage of 5.6 kV; the corresponding pressure was 7 atm and the 
current was 500 A. 

With regard to the limit imposed by constrictor wall heat transfer, the 
m a x i m  rate at which the cooling water can remove heat from the constrictor 
tube involves a number of factors such as the thickness and thermal conductiv- 
ity of the wall, the shape and radius of curvature of the coolant passage, the 
water pressure and velocity, and the amount of scale that has collected in the 
cooling passages. In addition the mechanical resistance of the constrictor 
ring to the combined effects of thermal and hydraulic stresses also must be 
considered, for, in practice, "burn-out'' cooling failures rarely occur within 
the water-cooled parts of constricted-arc jets. Instead, water leaks from 
brazed or welded seams which open after repeated arc starts and stops charac- 
terize operation at high constrictor heat-transfer rates. Such failures 
depend on the past history of arc jet operation and are not generally predict- 
able. Nevertheless, better cooling can minimize joint fatigue failures by 
reducing the constrictor ring temperature for a given heat-transfer rate, or 
permit operation at high enthalpies without increasing the failure rate. 
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Figure 13.- Calcu la ted  center - l ine  t o t a l  enthalpy 
for two values of  c o n s t r i c t o r  w a l l  heat- 
t r a n s f e r  rate. 

The effect on enthalpy of 
operating at two different 
levels of wall heat-transfer 
rate is illustrated in fig- 
ure 13. Center-line total 
enthalpy has been calculated as 
a flmction of constrictor inlet 
pressure for constrictor-wall 
heat-transfer rates of 3X107 
and 6 ~ 1 0 ~  W/m2. 
enthalpy of doubling the wall 
heat-transfer rate is seen to 
be small at 7 atm where a 
15 percent increase in total 
enthalpy was calculated. The 
gain in enthalpy increases for 
decreasing pressure and, at 
3 atm or less, the center-line 
total enthalpy is approximately 
doubled when the wall heat- 
transfer rate is doubled. 

The effect on 

CONCLUSIONS 

A series of constricted-arc jets have been shown to produce remarkably 
high enthalpies. The performance and si-mulation capabilities of the latest of 
these, the Arc Heated Planetary Gas Wind Tunnel, has been determined by 
various measurements and by numerical analysis and prompts the following 
conclusions. 

The m a x i m  mass-average total enthalpy which was achieved exceeded 

High power 
2 .5X108 J/kg at atmospheric pressure. 
decreased with increasing pressure to 3.5X107 J/kg at 7 atm. 
inputs to the air stream were also obtained. Over 2 MW could be delivered to 
the air stream for a range of constrictor inlet pressures of from 2 to 7 atm. 

The mass-average total enthalpy 

The center-line total enthalpy was estimated from the product of the mea- 
sured mass-average total enthalpy and a calculated ratio of center line to 
mass-average enthalpy. The m a x i m  value exceeded 4X108 J/kg at atmospheric 
pressure and 8 ~ 1 0 ~  J/kg at 7 atm. Consideration of the attainable ranges of 
center-line total enthalpy and impact pressure, which are important heat- 
transfer parameters, indicates that heat-transfer tests can be made at simu- 
lated velocities up to 30 h / s  at 100 km simulated altitude. 
simulated altitude, heat-transfer rates corresponding to flight at 10 km/s can 
be duplicated. 

At 85 km 

The flow in the test section of the Arc Heated Planetary Gas Wind Tunnel 
was neither free molecular nor continuum. Accordingly, stagnation-point heat- 
transfer rate was calculated for the transitional flow domain. The calculated 
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rates were found to be somewhat lower than the corresponding measured values 
and the difference between them was believed to be due to uncertainties in the 
heat-transfer coefficient. 

The performance reported in this paper was limited by occasional constric- 
tor ring arc-over and by water leaks associated with high constrictor w a l l  
heat-transfer rate operation. Better flow injection and more efficient con- 
strictor ring cooling techniques will improve the arc jet performance by 
increasing the permissible air flow rate and constrictor w a l l  heat-transfer 
rate. 

Measured radial profiles of impact pressure and stagnation-point heat- 
transfer rate were found to be nonuniform as was predicted by the numerical 
solutions. In spite of the nonuniform radial flow profiles, useful tests at 
very high enthalpy have been conducted in the Arc Heated Planetary Gas Wind 
Tunnel. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif., 94035, April 10, 1967 
129-02 -08-02 -00-21 



APPENDIX A 

STAGNATION-POINT HEAT-TRANSEB RATE CALCULATIONS 

The calculation of stagnation-point convective heat-transfer rate for 
blunt bodies in the test stream of constricted-arc jets is by no means 
straightforward. The usual heat-transfer-rate equations have been developed 
for a much lower range of enthalpies. Furthermore, the high enthalpies result 
in low densities and the flow for the apparatus of figure 3 is transitional. 
However, it is still usefilto make the calculations and to compare them with 
calorimeter measurements. 

Because the flow for the Arc Heated Planetary Gas Wind Tunnel is neither 
entirely free molecular nor continuum, an interpolation technique between the 
two extremes is necessary. The bridging equation of reference 10 provides a 
convenient method of estimating the heat-transfer rate. Both free molecular 
and continuum heat-transfer rates are calculated and applied to the following 
equat ion : 

The bridging equation favors 
the lower of the two heat- 
transfer rates, as is illus- 
trated in figure 14, where the 
free molecular, continuum, and 
resultant heat-transfer rates 
for a 2 cm diameter body are 
plotted as a function of alti- 
tude for a velocity of 10 h / s .  
At an altitude of 100 km the 
heat-transfer rate appyoaches 
the free molecular value, and at 
an altitude of 65 lun the heat- 

I 05 I06 I 07 108 transfer rate is nearly equal to 
the value calculated for 
continuum flow. 

90 - 

75 - 

70-  

65 I- I 

STAGNATION POINT HEAT TRANSFER RATE, W/m2 

Figure 14.- Typical variation of stagnation-point 
In the calculation of heat- heat-transfer rate with altitude for a 

2-cm-diameter model at 10 h / s .  transfer rate for the calorim- 
eters, the stagnation-point 
pressure, p.t2, the total 

enthalpy at the jet center line and the nose radius are known. The 
calorimeter heat-transfer rate is calculated as follows: 
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from reference 11, and 

in mks units. 

The calculation of qm was complicated because measured values of pu 
we,re not available. The best method of estimating pu is to assume that 
pt is equal to pu2. Then pu is given by pt 2/u, where u can be 
estimated from the total enthalpy and the nozzle e$pnsion area ratio, 
AEXIT/A*' 

(A41 PU = pt 2/(2H($1'2[Hq/(1/2)~ 2 1 1/2 , kgmm2 s - ~  

where Hg/(1/2)u2 is the ratio of total to kinetic energy. This ratio is 
about 2.0 for the nozzle of figure 3, based on nozzle calculations of 
reference 12, and scattered velocity measurements. 

The value of CH is also uncertain. Published accommodation coefficients 
for cold, diatomic nitrogen and oxygen on a nickel surface are given as 0.824 
and 0.862, respectively (ref. 13). 
the above values; however, the actual test gas is highly dissociated and 
ionized so that the actual coefficient of heating may be much different. 

A value of 0.83 was deduced for air from 
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APPENDIX B 

puter, includes radiation, 
LINE OF nonuniform gas mass flux 

density, viscosity, flow 
turbulence and real gas prop- 
erties. The results obtained 
from this theoretical 
approach agree favorably with 
experiment whenever compari- 
son has been made. For exam- 

calculated and experimentally 
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CONSTRICTED-ARC ANALYSIS 

In the constricted-arc supersonic jet, the losses occurring within the 
nozzle are approximately nullified by the concurrent ohmic heating. A s  a 
result, the enthalpy at the downstream end of the constrictor, where the 
enthalpy can be calculated, is comparable to that of the nozzle exit where the 
heat-transfer tests are conducted. 
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Figure 16.- Typica l  ca l cu la t ed  c o n s t r i c t o r  r a d i a l  
flow p r o f i l e s  a t  various a x i a l  l oca t ions .  

The corresponding radial enthalpy profiles are presented in figure 16(b). 
Near the upstream end of the constrictor tube, the enthalpy rises to a very 
high value in the rarefied flow. Downstream the core is cooled by the incom- 
ing air and the center-line enthalpy decreases and remains relatively constant 
thereafter. The enthalpy profiles become broader at increasing axial distance 
as energy is added to the airstream, but because the process is not adiabatic, 
the enthalpy profiles are always peaked at the jet center line. These 
constrictor profiles suggest that the-test-section profiles will also be 
nonuniform. 
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